We design a nematic collider for controlled out-of-equilibrium anisotropic aggregation of spherical colloidal particles. The nematic surrounding imparts dipolar interactions among the spheres. A bidirectional backflow of the nematic liquid crystal (NLC) in a periodic electric field forces the spheres to collide with each other. The inelastic collisions are of two types, head-to-tail and head-to-head. Head-to-tail collisions of dipoles result in longitudinal aggregation while head-to-head collisions promote aggregation in the transversal direction. The frequency of head-to-head collisions is set by the impact parameter that allows one to control the resulting shape of aggregates, their anisotropy and fractal dimension.
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Particle collisions and ensuing aggregation represent a fascinating scientific theme.
Typically, the particles interact through central forces that depend on distances but not on direction in space. Non-central interactions are of a greater challenge and promise in designing new materials [1] , as demonstrated by studies of magnetic dipolar colloids [2] [3] [4] [5] , Janus particles [6] [7] [8] , colloids with electric [9] [10] [11] [12] [13] and magnetic [14, 15] field-induced dipoles. Anisotropy of interactions is reflected in aggregation geometry. For example, diffusion limited aggregation of spheres with central forces produces structures with fractal dimension f d between 1 and 2 in two dimensions (2D) and between 1 and 3 in 3D, see, e.g., [16] . Once dipolar interactions are switched on, f d reduces dramatically, down to 1 in both 2D and 3D, reflecting head-to-tail chaining [2, 14, 15] .
In this work, we demonstrate controlled out-of equilibrium aggregation of spherical particles with long-range anisotropic interactions induced by a NLC as a dispersive medium. Director distortions around the spheres are of dipole symmetry in the far-field limit. The elastic dipole
( )
, 0, 0 x p = p has two states, 0
x p > and 0
x p < , separated by an energy barrier that prohibits their mutual transformations. The two types of particles, ">"
and "<" are forced into two types of non-diffusive pair-wise collisions, "> >" (or "< <") and " > < " in a specially designed collider with a bidirectional NLC flow driven by periodic electric pulses. "Particles ">" move unidirectionally in one plane, while particles "<" move in an antiparallel direction, located at an impact distance b from the first plane.
The inelastic collisions result in anisotropic aggregates with geometry controlled by b .
By decreasing b and enhancing the probability of the head-to-head collisions, one increases f d well above the value of 1 characteristic of dipolar systems with diffusion driven aggregation [2, [9] [10] [11] [12] [13] [14] [15] .
Silica spheres of diameter ( ) To match the uniform far-field 0 const = n with the local radial director, each sphere produces a point defect, called a "hyperbolic" hedgehog [17] , residing either on the left ( 0 x p > , or ">" particle) or on the right side of the sphere ("<" particle), Fig.1a .
The ensuing dipolar elastic interactions are used to assemble ordered colloidal arrays in the conditions close to equilibrium, for example, by moving the particles with optical tweezers [18] [19] [20] . Non-equilibrium assembly can be much richer than its equilibrium counterpart since the prehistory of particles' trajectories can be used as a control parameter. We design such a non-equilibrium assembly in an inelastic collider with a bidirectional "backflow", i.e., a bidirectional mass flow caused by director reorientation in the electric field. files see [22] ). We used 20x and 5x objectives. In unpolarized light, the particles appear dark at a bright NLC background. The 20x objective resolved individual particles, while the 5x objective captured large areas. Comparing images of the same clusters, we find that the number of spheres resolved by the 20x objective is proportional to the number of black pixels resolved by the 5x objective with accuracy better than 20%. We analyse the structures using the 'inertia" tensor defined for a cluster of N black pixels as:
where
are coordinates of the i-th black pixel and There are two opposite tendencies in cluster formation, namely, chaining in the direction of 0 n (Fig.4a ) and perpendicular to it (Fig.4b) ; they result in a number of intermediate geometries, Fig.4c and, over a sufficiently long time, in jammed structures, (a) The interaction potential of two elastic dipoles located at i r and j r [17] is ( )( ) ( ) , 0, 0
is the dipole of the i th particle, directed from the hedgehog towards the sphere; The cell was filled with the mixture E7/silica particles (3 wt. %).
aggregation [17] . The second is arrangement of antiparallel dipoles, 0 i j x x p p < , in a zigzag perpendicular to 0 n , Fig.4b [18] . In the first case, In its turn, ( ) b d depends on the elastic and dielectrophoretic forces discussed below.
(b1) The electric field causes director gradients near the boundaries over the the region with the lowest ε , to minimize the dielectric energy. This effect is similar to the dielectrophoretic effect in isotropic media [24] , with an important difference. In the isotropic medium, the dielectrophoretic force 2 | | ∇ E is created by a special geometry of electrodes. In the anisotropic and nonuniform medium, the dielectrophoretic force occurs even if the electrodes are flat and parallel, as long as ε varies in space [25] . In our case, ( ) ( ) ( ) p z , writes as ( )
ε is the dielectric constant of particle, g is a phenomenological factor that accounts for the contribution of the point defect, and U is the applied voltage. Under the modulated signal, the particles move into opposite directions parallel to the rubbing direction ( x -axis) in accordance with the generated antisymmetric backflow [21] . The attractive force between ">" and "<" particles separated by a distance z r along the z -axis is 4 4 150 
, which is only slightly larger than the sum F trap + F D . As a result, ">" particles slip past "<" particles without coalescence. Particles moving in the same direction can still aggregate along 0 n through the scenario ">>" or "<<", Fig.4a . The resulting d f is low and the shape anisotropy is relatively high, even at late stages, Fig.3 . ⋅ is the Leslie coefficient [27] , is much larger than an average velocity of particles 2 m/s v µ ≈ [21] . This transversal chaining, together with the chaining along 0 n , produces clusters of higher d f and smaller q , Fig.2,3 .
We note that the dipolar model used for analytical estimates is only a rough approximation. Its validity is diminished by the following factors: (a) shortness of separating distances at the stage of collisions; (b) field-induced torques that modify the interactions, see the review [28] ; (c) high velocities, as the corresponding Ericksen number (the ratio of elastic and viscous torques) 4 Er / agg v R K α = becomes larger than 1, which means that n is modified by flows [29] [30] [31] . However, the outcome of collisions, the geometry of clusters, is dictated primarily by the relative number of ">" and "<" particles in a given cluster.
We demonstrated a new approach to form anisometric clusters through nonequilibrium collisions in a nematic collider with two anti-parallel flows of ">" and "<" particles. The clustering geometry can be controlled by the cell thickness, amplitude of the electric field, size and concentration of particles. The proposed colloidal collider with bidirectional flow presents a rich experimental system for further studies of anisotropic clustering and jamming.
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